Hepatocellular carcinoma (HCC) is a common cancer that has the third highest cancer-related mortality rate worldwide. Although potentially curable by transplantation if detected early, the majority of cases are diagnosed at an advanced stage of disease for which limited treatment options are available. The only proven systemic therapy for advanced HCC is sorafenib, a multi-kinase inhibitor that has demonstrated modest efficacy and reasonable tolerability in patients with advanced HCC. Five years after the approval of sorafenib, no other agent has been proven to be beneficial in the first-or second-line setting in advanced HCC. While molecular studies have highlighted various potential targets in HCC, the mammalian target of rapamycin (mTOR) has emerged as an exciting target for cancer therapy including HCC. Laboratory data have linked the phosphatidylinositol 3-kinase/AKT/mTOR axis to various oncogenic processes, including survival and angiogenesis. Historically, mTOR inhibitors have been used for their immunosuppressive properties, but more recently they have been approved as anticancer agents. Retrospective HCC studies suggest that the inclusion of mTOR inhibition as part of an immunosuppressant regimen after transplantation may reduce HCC recurrence compared with other immunosuppressive agents such as calcineurin inhibitors. More recently, single-arm, phase I/II studies have shown that mTOR inhibitors also have activity as monotherapy in cases of recurrent HCC or de novo advanced HCC. This article will review the rationale for targeting the mTOR pathway in HCC, and the currently available clinical data supporting its development for HCC.
Introduction
Hepatocellular carcinoma (HCC) accounts for 70-85% of primary liver cancers and is the sixth most common form of cancer worldwide [1] [2] [3] . Because of its high ratio of mortality to incidence (0.93), liver cancer is the third most frequent cause of cancer-related death [1, 2] . In its earliest stages, HCC is frequently asymptomatic and goes undetected, resulting in almost 85% of patients being diagnosed at intermediate or advanced stages when curative therapies such as surgical resection or liver transplantation are no longer an option [4, 5] . Even when patients present with early-stage disease and surgical resection is an option, 70% of such patients experience recurrence of the original tumor or develop new tumors within 5 years [6] . Similarly, patients with early-stage disease who are not amenable to surgery and receive locoregional treatments such as radiofrequency ablation or transarterial chemoembolization almost always experience recurrence and require additional therapy [5] . The fact that HCC almost always occurs in the presence of underlying liver disease adds an additional layer of complexity to its management. For patients who are not eligible for potentially curative treatment, locoregional and systemic therapies may improve survival for selected patients. For most patients, if they do not die from underlying cirrhosis, their tumor will progress to the point where additional therapy is needed. For patients who progress from intermediate-to advanced-stage disease, the multi-targeted tyrosine kinase inhibitor sorafenib has been proven to extend survival [7, 8] . However, for patients who are intolerant of or progress on sorafenib, there exists a large unmet need as no other agent has been shown to be effective in these settings.
Systemic Therapy for Advanced HCC
Sorafenib is the only systemic therapy approved for the treatment of advanced HCC. The approval of sorafenib in this setting was based on the significant improvement in overall survival and manageable toxicity profile observed in two randomized, placebo-controlled, phase III studies, the sorafenib hepatocellular carcinoma assessment randomized protocol (SHARP) study conducted in North and South America, Australia, and Europe [7] and a similar trial conducted in Asia [8] . In SHARP, median overall survival was improved by 2.8 months with sorafenib compared with placebo (10.7 months vs. 7.9 months; hazard ratio [HR], 0.69; 95% confidence interval [CI], 0.55-0.87; p < 0.001) [7] . In the Asia-Pacific trial, median overall survival was improved by 2.3 months with sorafenib compared with placebo (6.5 months vs. 4.2 months; HR, 0.68; 95% CI, 0.50-0.93; p = 0.014) [8] . In both trials, the response rate was low (partial response rates of 2 and 3%, respectively), but the median time to progression was improved from 2.8 months to 5.5 months (p < 0.001) in SHARP and from 1.4 months to 2.8 months in the Asia-Pacific study [7, 8] . These studies established sorafenib as the standard of care for this population, but now, 5 years later, it is readily apparent that new therapeutic options are needed. In that regard, molecular targeted therapeutics lead the landscape in clinical development, largely driven by the lack of efficacy of cytotoxic agents in the treatment of HCC [5] . Furthermore, recent phase III data from a second-line study of the VEGFr-/fibroblast growth factor receptor (FGFr)-TKI brivanib [9] suggest that the natural history of advanced HCC after progression with sorafenib has changed.
The range of novel agents under development for advanced HCC is impressive. There are currently several phase II studies, as well as randomized phase III studies, evaluating single-agent or combination activity in HCC. The challenge for clinical development in HCC is two-fold: (1) designing trials that select a population of patients whose overall medical condition due to underlying liver disease is not too severe, and (2) identifying which new targets and agents are most promising for further development. In addition, the identification of a predictive marker associated with response is always preferred in clinical development, as opposed to an approach that does not preselect patients that are more likely to benefit from a given therapy. While predictive biomarkers exist for certain cancers (e.g., HER2 amplification in breast cancer and EGFR mutations in lung cancer), there are no validated targets there are no validated targets with associated predictive markers in HCC.
Several molecular targets are being pursued in HCC, including growth factors associated with angiogenesis (VEGF and FGF), the epidermal growth factor receptor (EGFR), the hepatocyte growth factor and its receptor (HGFR/c-Met), the insulin-like growth factor receptor (IGFR), the ras/raf/mitogen-activated protein kinase (MAPK) pathway, survivin (negative regulator of apoptosis), Wnt signaling, Src signaling, and the phosphatidylinositol 3-kinase (PI3 K)/AKT/mammalian target of the rapamycin (mTOR) pathway [5, 10, 11] .Of these targets, both mTOR and the VEGF receptor are currently undergoing evaluation as second-line therapy for HCC in phase III studies. This review will focus on the laboratory and clinical data that support the target mTOR in regard to HCC.
The mTOR Signaling Pathway and HCC
mTOR is a serine/threonine kinase that regulates cell growth, proliferation, survival, metabolism, and angiogenesis by integrating signals received from the PI3 K/Akt signaling pathway ( fig. 1 ) [12] . mTOR occurs in two multiprotein complexes (mTORC1 and mTORC2), of which mTORC1 is the target of the macrolide antibiotic rapamycin (sirolimus) and its analogs everolimus, temsirolimus, and ridaforolimus. Aside from mTOR, the mTORC1 complex includes the regulatory-associated protein of mTOR (raptor), mammalian LST8 (mLST8, also called GβL), and the proline-rich Akt substrate 40kDa (PRAS40). mTORC1 activity is responsive to available nutrients, energy, and growth factors in the cell, and regulates the protein expression necessary for cell metabolism, growth, proliferation, and angiogenesis [12] . Aside from PI3 K and Akt, other key signaling molecules upstream of mTORC1 include the Rag guanosine triphosphatases (GTPases), adenosine monophosphate kinase (AMPK), tuberous sclerosis complex (TSC) proteins TSC1 (hamartin) and TSC2 (tuberin), and the phosphatase and tensin homolog (PTEN). Direct targets of mTORC1 include ribosomal protein S6 kinase 1 (S6K1) and the eukaryotic protein synthesis initiation factor 4E-binding protein 1 (4E-BP1), both of which regulate protein translation [12] .
Several lines of evidence implicate mTOR signaling in hepatocarcinogenesis. In a HCC mouse model, chronic activation of mTORC1 was found to be associated with hepatocyte damage and development of HCC through a pathological program of liver damage and inflammation [13] . In approximately 40-50% of human HCC tumors, dysregulated expression of both up-and downstream effectors of mTOR, including EGF, IGFBP3, IGF2, raptor, PTEN, RPS6, and p70S6 kinase, has been observed [14] [15] [16] . Furthermore, activated mTOR signaling was found to be associated with poor prognosis in HCC patients [16] . In an analysis of HCC patients treated by surgical resection, those whose tumors expressed phosphorylated RPS6 (pRPS6) had a significantly shorter median time to recurrence than those with pRPS6-negative tumors (25 months vs. 50 months; p = 0.004), and expression of pRPS6 was an independent predictor of recurrence (HR, 1.8; 95% CI, 1.1-2.8; p = 0.01) [16] .
mTOR Inhibitors in HCC
Supportive preclinical evidence The biologic rationale for the role of mTOR in the pathogenesis of HCC is supported by several preclinical studies. In human HCC cell lines, everolimus, sirolimus, and temsirolimus have been shown to inhibit cell growth and proliferation [14, [16] [17] [18] [19] . In various HCC mouse and rat models, everolimus and sirolimus significantly reduced tumor volume and angiogenesis, delayed tumor growth, and increased overall survival compared with control [16] [17] [18] [19] [20] . For example, in a mouse xenograft model, treatment with everolimus (5 mg/kg) significantly reduced tumor growth at 15 days compared with placebo (1039 mm 3 vs. 2396 mm 3 ; p < 0.05) and significantly increased median overall survival (19 days vs. 16 days, p < 0.05) [16] . Additional preclinical evidence supports the exploration of mTOR inhibitors in combination with agents targeting other signaling pathways, such as VEGF [19, 21] . In one study, everolimus and sorafenib synergistically inhibited proliferation in HCC cell lines and tumor growth in HCC xenografts [19] .
mTOR inhibitors and recurrence of HCC after liver transplantation
HCC is the only solid tumor with a potentially high rate of cure by organ transplantation in selected patients [6] . Currently, HCC recurrence following transplantation represents a therapeutic challenge. Case reports and retrospective analyses suggest that in addition to its proven activity in advanced HCC in the non-transplantation setting, sorafenib may have activity in patients with post-transplantation recurrence [22] and may be tolerable in the adjuvant setting [23] . Other retrospective studies have suggested that the risk of HCC recur- rence is increased when calcineurin inhibitors (CNIs) such as cyclosporine and tacrolimus are included as part of the post-transplantation immunosuppression regimen [24] [25] [26] . The exact mechanism for this increased risk is unknown, although preclinical data suggest that CNIs may actually promote tumor growth [27, 28] . In contrast, other data suggest that immunosuppression regimens that include rapamycin (sirolimus) or its analogs reduce the risk of HCC recurrence as well as the development of de novo malignancies after orthotopic liver transplantation, while successfully avoiding allograft rejection and improving overall survival [24] [25] [26] [29] [30] [31] [32] [33] [34] . A recent meta-analysis showed that compared with sirolimus-free immunosuppression post-transplantation, sirolimus-based immunosuppression in patients with HCC significantly improved overall survival at 1 year (odds ratio [29] . Moreover, preclinical data suggest that immunosuppressive and antitumor activity can be achieved simultaneously at the target trough levels of the mTOR inhibitor used for immunosuppression [35] .The exact mechanism of decreased HCC recurrence observed with mTOR inhibitor-based immunosuppression in liver transplantation recipients is unknown. It could be the result of modification of the degree of immunosuppression, representative of a direct anticancer effect, or a combination of both.
In addition, two separate case reports describe patients who experienced either partial or complete radiological response after receiving sirolimus and sorafenib [36, 37] . A recent retrospective analysis of 26 transplantation recipients who had received sorafenib and either everolimus or sirolimus following recurrence showed an overall response rate of 3.8%, a stable disease rate of 50.0%, a median time to progression of 6.8 months (95% CI, 2.3-11.1 months), and a median overall survival of 19.3 months (95% CI, 13.4-25.1 months) [38] . The authors of this study concluded that the combination had a "significant but manageable toxicity profile." The authors of a second, smaller retrospective analysis (n = 13) also found the combination to have promising efficacy but considered the toxicity profile to be more significant [39] . Appropriately controlled prospective studies are needed to fully evaluate the clinical benefit of combination therapy with sorafenib and mTOR inhibitor-based immunosuppression in HCC patients who experience recurrence after liver trancesplation.
mTOR inhibition in unresectable advanced HCC
Early pilot trials conducted in Europe on mTOR inhibition for patients with advanced HCC showed limited efficacy for sirolimus, with only one partial response among the 39 patients enrolled and median overall survival of 5.3-6.5 months [40, 41] . Encouragingly, sirolimus was well tolerated and the safety profile was manageable. A phase II study of weekly sirolimus (20 mg/week for 1 month then 30 mg/week) that enrolled 25 treatment-naive patients with advanced HCC demonstrated similar outcomes [42] . Among the 23 evaluable patients, the best overall response was complete and partial response in one patient each and stable disease in 8 patients. Median overall survival was 6.1 months (range, 1.9-40.1 months).
The rapamycin analog everolimus has also been studied in patients with advanced HCC. Currently, everolimus has proven anticancer activity in advanced renal cell carcinoma following VEGFr-TKIs [43] , in advanced, progressive neuroendocrine tumors [44] , and, in combination with exemestane, in advanced hormone receptor-positive, human epidermal growth factor receptor 2-negative breast cancer that progressed on prior hormonal therapy [45] . Data regarding the safety and efficacy of everolimus in HCC come from two prospective studies [46, 47] . In a phase I/II trial conducted in 28 patients with advanced HCC, 20 (71%) of whom had received previous systemic therapy, no dose-limiting toxicities were experienced and everolimus was generally well tolerated at a dose of 10 mg/day [46] . Among the 25 patients treated with everolimus at 10 mg/day, the best overall response was partial response in one patient.
An additional 10 patients experienced stable disease of ≥12 weeks duration, and median overall survival was 8.4 months (95% CI, 3.9-21.1 months) [46] . A phase I dose-finding study on everolimus for advanced HCC evaluated both daily (n =21) and weekly (n =18) dosing schedules [47] . Based on the observed dose-limiting toxicities of hyperbilirubinemia, alanine aminotransferase elevation, thrombocytopenia, infection, diarrhea, rectal bleeding, and cardiac ischemia, the maximum tolerated doses were determined to be 70 mg/week and 7.5 mg/day. Out of 39 evaluable patients, there was one partial response and 21 patients with stable disease (daily, 71%; weekly, 44%). Median overall survival was 7.7 months (95% CI, 2.1-13.3 months) and 5.7 months (95% CI, 0-12.3 months) for daily and weekly dosing, respectively. Reactivation of hepatitis B virus (HBV) was observed in 5 of 27 patients (18%) who were seropositive for hepatitis B antigen, which suggests that prophylactic antiviral therapy should be used in patients with HBV [47] .
Based on the scientific rationale supporting the activity of mTOR in HCC, the results of two clinical trials, and the unmet needs of patients who cannot tolerate or progress on sorafenib, the international phase III everolimus for liver cancer evaluation (EVOLVE-1) study was initiated (table 1) . In this study, the efficacy and safety of everolimus (7.5 mg/day plus best supportive care) is now being compared with that of placebo plus best supportive care in either those patients with advanced HCC and whose disease has progressed following sorafenib treatment or those who cannot tolerate sorafenib. This study has now completed enrolment, and results are pending. In addition to everolimus, there are ongoing trials of the mTOR inhibitor temsirolimus monotherapy in patients with advanced HCC (table 1) .
Since sorafenib is the current first-line standard of care for advanced HCC, agents introduced in the first-line setting would either have to prove single-agent superiority over sorafenib or provide additional activity when combined with it. The first phase III study of combination therapy in advanced HCC was SEARCH, a randomized trial protocol for the treatment of patients with hepatocellular carcinoma by sorafenib plus the EGFr-TKI erlotinib. Recently published results from this study show that the combination of sorafenib and erlotinib did not significantly improve survival over sorafenib alone [48] . However, the scientific rationale for this combination was not very well established. As discussed above, the mTOR axis has laboratory data to support its role in the pathogenesis of HCC and singleagent studies suggesting clinical activity. Preclinical studies conducted in HCC models have evaluated the combination of rapamycin and its analogs with sorafenib [19, 21] . There are numerous trials underway to investigate the use of mTOR inhibitors in combination with other agents, including the VEGF inhibitor bevacizumab, the VEGFr-TKI sorafenib, and more traditional chemotherapeutic agents such as doxorubicin, as well as in combination with locoregional therapy (table 1) . Based on currently available data, it is unclear whether combination therapy with mTOR inhibitors and VEGF-targeted agents will have an acceptable tolerability profile [36, 38, 39, 49] . In one dose-finding study of combination therapy with everolimus and sorafenib, the maximum tolerated dose of everolimus given with standarddose sorafenib (400 mg twice daily) was 2.5 mg once daily, which was not considered to be a biologically effective dose [49] . Ongoing studies may provide a clearer picture of the relative balance between efficacy and safety for mTOR-based combination therapy in advanced HCC (table 1) .
Summary and Future Directions
The approval of sorafenib has changed the clinical landscape of advanced HCC. However, despite this advance, no new agents have been approved since. While several novel targets of interest are being pursued in clinical studies, everolimus is currently the only orally bioavailable mTOR inhibitor approved for cancer treatment, and its development is the most advanced in regard to HCC. Several lines of evidence support the development of mTOR inhibitors for HCC, including the pivotal role of mTOR in cancer biology, data suggesting its activation is important in HCC, and uncontrolled clinical data suggesting that mTOR inhibitors have single-agent clinical activity. Aside from its potential role in the treatment of advanced HCC, retrospective data suggest that mTOR inhibitor-based immunosuppression may play a role in managing the risk of HCC recurrence following orthotopic liver transplantation. However, to validate this hypothesis, appropriately powered prospective studies are needed. In addition, the potential role for mTOR inhibition in combination with other targeted therapies is under evaluation. Ultimately, as with all targeted agents, a predictive marker for patient selection would aid in the identification of patients most likely to respond to everolimus and other mTOR inhibitors. Until such a biomarker is identified, data from current clinical investigations will help define the role of targeting mTOR in HCC.
